Introduction
Cognitive impairment has been reported in patients with COPD. [1] [2] [3] [4] The prevalence rates of general cognitive impairment in COPD vary widely, ranging from 5.5% in a large sample of adults with COPD, measured with the Mini-Mental State Examination (MMSE), 5 up to 77.0% in patients with both COPD and hypoxemia, measured with multiple cognitive tests. 6 Increasing age is the most significant determinant of cognitive impairment, 7 besides a history of tobacco smoking 8 and a low educational level. 9 Although the exact pathogenesis of cognitive impairment in COPD remains unknown, vascular-mediated brain pathology, oxidative stress, hypoxemia, systemic inflammation, and comorbidities are proposed pathways to cognitive impairment.
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Cleutjens et al develop appropriate steps or strategies to effectively and efficiently achieve a desired outcome. 14 Cognitive flexibility assesses the ability to shift concepts and problem-solving strategies. 15 The importance of examining domain-specific cognition in COPD patients entering pulmonary rehabilitation (PR) is supported by associations between cognitive impairment in specific domains and poor adherence to therapies in HIV-infected adults, 16 decreased levels of smoking cessation in community-dwelling older persons, 17 and negative rehabilitation outcomes in elderly patients recovering from a hip fracture. 18 The prevalence of domain-specific cognitive impairment in COPD patients has been poorly studied, and the prerehabilitation assessment does not include cognitive functioning tests. To date, studies assessing specific cognitive domains 1-3 lack a clear theoretical and operational definition of domain-specific cognitive impairment and do not provide prevalence rates. Moreover, an adequate control group matched for age, educational level, and smoking history was lacking. 3 The aim of this study was to compare general and domain-specific cognitive impairments (ie, psychomotor speed, planning, working memory, verbal memory, and cognitive flexibility) between patients with COPD entering PR and non-COPD control subjects with comparable age, educational level, and smoking history. We hypothesized that patients with COPD have a higher prevalence of cognitive impairment compared to controls and that the higher-order cognitive functions, including planning and cognitive flexibility, are more often affected.
Methods
Study design
The current study includes cross-sectional data of the COgnitive-PD study, a longitudinal study on neuropsychological functioning in patients with COPD entering PR. The detailed methodology of this study has been published before. 19 The study is registered in the Dutch Trial Registry (NTR 4215).
Participants
Based on a previous sample size calculation, the study sample included a total of 90 patients with clinically stable COPD, according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) 2011 strategic document, 20 and 90 non-COPD control participants. Patients were referred for an interdisciplinary three-day assessment in a tertiary referral center in the Netherlands before the start of a comprehensive interdisciplinary inpatient (8 weeks) or outpatient (16 weeks) PR program, in line with the latest American Thoracic Society/European Respiratory Society (ATS/ERS) Statement on PR. Participants were excluded if they had an exacerbation in the past 4 weeks, insufficient comprehension of the Dutch language, or a diagnosis of dementia. Non-COPD control participants were recruited from within the COPD community, and included care partners, family members, or friends of clinical participants, and via advertisements in local newspapers requesting volunteers from the general population. Information regarding smoking status, age, and education was obtained. If possible, the control participant was one-to-one matched with a COPD patient of the COgnitive-PD study population (n=183) on smoking status (smoker, former smoker, or never smoker), age (standard deviation [SD] #10 years), and educational level (SD #1) according to the Dutch Standard Classification of Education (CBS). 21 If not, the control participant was put on a voluntary waiting list to be contacted after inclusion of a COPD patient with matching criteria of the control participant. Exclusion criteria for control participants were as follows: a diagnosis of COPD or asthma, dementia in their medical history, and Dutch language difficulties. All participants gave written informed consent. The Medical Ethics Committee of the University Hospital Maastricht approved this study (NL45127.068.13).
Procedures
Home visits were performed from November 2013 up to June 2015, between the three-day assessment and the first day of PR, excluding the potential effect of PR on cognitive functioning. The following characteristics were assessed: age, gender, educational level, marital status, visual and hearing impairment, handedness, and intelligence quotient (IQ, by using a shortened version of the Groninger Intelligence Test), 22 and smoking behavior. The Charlson comorbidity index 23 
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Domain-specific cognitive impairment in COPD hypertension, and psychological well-being (using the Hospital Anxiety and Depression Scale [HADS] 25 and the Beck Depression Inventory) 26 were collected as part of the clinical routine.
The neuropsychological assessment comprised a detailed testing battery consisting of the following subtests: MMSE, the Stroop Color-Word Test, the Concept Shifting Test, the Letter Digit Substitution Test, the Visual Verbal Learning Task, the Digit Span (DS) from the Wechsler Adult Intelligence Scale III (WAIS-III) and a shortened version of the Behavioral Assessment of the Dysexecutive Syndrome (BADS) including subtasks Key Search and Zoo-map. A validated Dutch translation of the Cognitive Failure Questionnaire (CFQ) was used as a subjective measure of cognitive failure. Subscores, subtests, and parameter measures are described in Table S1 . For detailed information, see the section "Supplementary materials".
statistical analysis
All analyses were performed using SPSS 21.0 (SPSS Inc., Chicago, IL, USA). A P-value #0.01 was considered to be statistically significant. Analysis of cognitive performance included descriptive statistics using frequencies for categorical variables, and mean and standard deviation (SD) for continuous variables. Reference data were derived from the Maastricht Aging Study (MAAS), a large Dutch longitudinal study examining the determinants of cognitive aging in a large group of cognitively intact people aged 24-81 years. 27 For the DS and BADS, normative data in scoring were used.
Raw scores on neuropsychological tests were transformed into a standardized Z-score (Z={x−mean}/SD) based on its mean and SD calculated from the reference group, and were adjusted for age, gender, and educational level. Six core subtests used in MAAS 28 were used to assess general cognitive impairment (Table S2 ). General cognitive impairment was defined as a Z-score less than 1.0 SD 29 below the age-, gender-, and education-specific mean of the MAAS study population for at least two of the six core tests. 28 Individual cognitive measures were grouped into the following specific cognitive domains: psychomotor speed, planning, working memory, verbal memory, and cognitive flexibility (Table S3) . Within each domain, scaled Z-scores were summed and averaged to yield one compound Z-score per cognitive domain. Cognitive impairment in a specific domain was defined as a compound Z-score of less than 1.0 SD below the age-, gender-, and education-specific mean of the MAAS study population. 29 Global cognitive impairment was defined as a score of 24 or below on the MMSE. 30 A comparison of raw scores and compound Z-scores among COPD patients and control participants was made using an independent sample t-test or Mann-Whitney U-test, as appropriate. Proportions of patients and control participants with general and domain-specific cognitive impairment were calculated and compared with chi-square tests. Multivariate linear or logistic regression models were performed to adjust for the comorbidities, with a significantly higher prevalence rate found in patients than in controls: myocardial infarction, peripheral vascular disease, hemiplegia, clinically relevant symptoms of depression, and clinically relevant symptoms of anxiety. A post hoc analysis was performed in order to compare neuropsychological measures between COPD patients and controls without comorbidities on the Charlson comorbidity index using chi-square tests for categorical variables and independent sample t-test or Mann-Whitney U-test, as appropriate for continuous variables.
Results
general characteristics of participants
The current sample is comparable with the total COgnitive-PD study sample regarding age, gender, lung function, and IQ (all P.0.05). In addition to a reduced lung function, patients with COPD had a lower functional exercise capacity and IQ, compared to non-COPD controls, while Charlson comorbidity index score was increased. Myocardial infarction, peripheral vascular disease, hemiplegia, and symptoms of anxiety and depression were more often reported by patients with COPD. Moreover, patients with COPD more often reported the use of antidepressants ( Table 1) .
Prevalence of general cognitive impairment
According to the MMSE, global cognitive impairment did not differ between the COPD patients and non-COPD controls ( Table 2 ). The prevalence rate of general cognitive impairment, as assessed with the COgnitive-PD neuropsychological assessment, was 56.7% in the current sample of patients with COPD compared to 13.3% for controls. Raw mean scores on all core tests were significantly worse in patients with COPD compared to controls ( Table 2) .
Prevalence of domain-specific cognitive impairment
The prevalence of cognitive impairment across the five cognitive domains was significantly higher among the included patients with COPD than among controls, except for working memory. Multivariate analyses confirmed a 
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Cleutjens et al higher prevalence of impairments across all domains, except for working memory ( Figure 1 ). Results remained the same when the matching variables age, education, and smoking status, in addition to the comorbidities, were included in the multivariate model (Table S4) . Patients with and without oxygen therapy did not significantly differ on general cognitive impairment or any of the cognitive domains (all P-values .0.01; Table S5 ). The same was true when comparing COPD patients with clinically relevant symptoms of depression or anxiety (HADS depression or anxiety Tables S6 and S7) .
Cognitive complaints
The CFQ total score and subscores did not differ between patients with COPD and non-COPD controls (Table 2) . These results were confirmed by multivariate analyses.
Cognitive impairment in COPD patients and controls without comorbidities
In total, 18 patients with COPD reported no disease other than COPD on the Charlson index, and 43 non-COPD controls reported no comorbidities on the Charlson index and were included in a post hoc analysis (Table 3 ). The prevalence of general cognitive impairment did not differ significantly between patients and controls without comorbidities (50% and 18.6%, respectively). Global cognitive impairment, 
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Cleutjens et al general cognitive impairment, and cognitive impairment in the domains psychomotor speed, working memory, and verbal memory did not differ between both groups. Patients with COPD more often reported complaints on the CFQ subscale words and names (Table 4 ). The prevalence of cognitive impairment was higher for patients with COPD without comorbidities than for controls without comorbidities in the domains planning and cognitive flexibility (Figure 2 ).
Discussion
Key findings
This cross-sectional observational study showed a prevalence rate of 56.7% for cognitive impairment in a cohort of patients with COPD referred for PR by applying a comprehensive neuropsychological assessment. This prevalence was four times higher compared to matched non-COPD controls. Moreover, cognitive impairment in the domains planning and cognitive flexibility was more prevalent in patients with COPD than controls after correction for comorbidities.
Prevalence of cognitive impairment
Differences in study populations (such as level of hypoxemia and severity of COPD), methodology, sample size, the use of different definitions, and diagnostic criteria for cognitive impairment may explain the wide range of prevalence rates of cognitive impairment in COPD. 5, 6, 31 We observed a prevalence rate of 56.7% for general cognitive impairment, which is within the range of previous studies. In accordance with Singh et al 29 Z-scores below −1.0 SD were considered as being impaired. The relatively low Z-score cutoff of Domain-specific cognitive impairment in COPD −1.0 SD may explain why impairments in some non-COPD controls were present as well. Nevertheless, the use of a control group enhances our understanding of the cognitive profile for patients with COPD by showing that general cognitive impairment is four times more common in patients with COPD compared to controls and that domain-specific cognitive impairment occurs two to sixteen times more often in patients with COPD compared to controls. These differences are less clear when only patients and controls without comorbidities are analyzed. Indeed, abnormal planning was observed in 16.7% of patients without comorbidities but in none of the controls without comorbidities, and abnormal cognitive flexibility was observed in 44.4% and 11.6% of patients and controls without comorbidities, respectively.
Global cognitive impairment, as assessed with the MMSE, did not differ between patients with COPD (7.8%) and non-COPD controls (2.2%). Moreover, the prevalence rate of global cognitive impairment is lower compared to that 
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Cleutjens et al of general cognitive impairment. Both can be explained by methodological factors. The six core tests to assess general cognitive impairment might be more sensitive to detect relatively small impairments in specific areas of cognitive functioning that together may not lead to poor performance on a screening test such as the MMSE. In fact, the MMSE is used to detect dementia, which was an exclusion criterion in the current study, but is not sensitive enough to detect mild cognitive deficits.
Domain-specific cognitive impairment
Cognitive domains that have been shown to be affected in patients with COPD are memory, learning, attention, concentration, verbal and letter fluency, information processing speed, coordination, intelligence, and mental and cognitive flexibility. 3, 32 In the current study, one out of five patients with COPD showed impairments in the domain psychomotor speed. This may explain clinical features such as a decreased ability to comprehend lengthy, detailed, and fast instructions during therapies or to engage in educational sessions without losing attention. Second, two out of five patients with COPD were impaired in the domain planning. Owing to the inability to transfer previous knowledge to new events, patients with COPD may be hampered in their self-management because of difficulties in handling new problems and situations, and initiating any kind of health behavior change, which is the key component for effective self-management of patients with COPD. 33 Third, over 30.0% of patients with COPD showed working memory impairments, which consequently may lead to problems with maintaining given educational information. Fourth, one out of three patients with COPD showed impairments in the domain verbal memory. Patients may seem unmotivated if they forget or ignore given guidelines, requests, or instructions. These clinical features may be a consequence of verbal memory impairment. Finally, over 40% of patients with COPD showed impairments in the domain cognitive flexibility. These may be related to difficulties in flexible thinking, alternating attention without losing focus, choosing appropriate behavioral responses according to the situation, and initiating behavioral and motor plans and activity, which all together may hamper attempts to adapt lifestyle (eg, quit smoking and become physically active).
14,15
The role of comorbidities After exclusion of patients and controls with comorbidities, differences in the domains psychomotor speed, working memory, and verbal memory between patients and controls waned. COPD is a multimorbid disease, 34, 35 and it is likely that selected comorbidities explain part of the cognitive impairment in COPD. For example, myocardial infarction and hemiplegia may lead to hypoxia-induced brain cell death and possible cognitive deficits. 36 Moreover, symptoms of depression and anxiety were increased in patients with COPD, which might explain part of the effect on memory. 37 Nevertheless, in the current study, we did not find differences in general or domain-specific cognitive impairment when comparing COPD patients with and without symptoms of depression or anxiety. This might be explained by the fact that we used a generic scale to assess symptoms of anxiety and depression instead of a structured psychiatric interview to diagnose a major depressive disorder or anxiety disorder. It is possible that COPD patients with and without a major depressive disorder differ in their cognitive performances. Indeed, deficits in cognitive performances are found in major depressive disorders. 38 Moreover, the higher prevalence of antidepressant use may partly account for the higher prevalence of cognitive impairment in patients compared to controls due to its sedative and anticholinergic effects. The dose, time since last administration, and plasma concentration of the drug, however, determine the extent to which cognitive performance is affected. 39 A post hoc analysis in which we compared neuropsychological measures between COPD patients and controls without any comorbidities on the Charlson index revealed that the domains cognitive flexibility and planning were more often affected in patients with COPD. Despite a difference in group sizes between patients and controls, which might distort the results, our results are in line with the idea that higher executive functions are more related to COPD-specific factors, compared to lower cognitive functions. Since hypertension and OSAS, both of which impact cognition and are common in COPD, are not integrated in the Charlson index, these comorbidities may also account for a higher prevalence of cognitive impairment in COPD patients compared to controls. Moreover, 9% of the total COPD study population without a diagnosis of diabetes on the Charlson comorbidity index had a blood glucose level of 7 mmol/L or above, and 47% of patients without physician-diagnosed hypertension had an elevated systolic blood pressure ($140 mmHg) or elevated diastolic blood pressure of ($90 mmHg) and were referred for further diagnosis. These underreported comorbidities may also partly account for the high prevalence of cognitive impairment in COPD. COPD patients had significantly lower 6MWD and IQ scores compared to non-COPD controls, which may also explain impairments in complex, higher-order cognitive functions (eg, executive functioning). 40, 41 Physical Domain-specific cognitive impairment in COPD exercise has been suggested to enhance cognitive vitality of older adults, and therefore it is possible that patients with a lower baseline physical exercise pattern have lower cognitive performances. 40 Yet, we cannot identify causal relationships, and it remains difficult to draw safe conclusions about the reasons for the presence of domain-specific cognitive impairments in patients with COPD.
Clinical consequences
Patients with cognitive impairment may be labeled as unmotivated and uncooperative because of problems with treatment adherence, treatment attrition, or negative treatment outcomes. Moreover, patients with COPD may be stigmatized as resistant, unmotivated, and in denial. 42 However, rather than misattributing such problems as poor motivation to a character trait, cognitive impairment may be the culprit. For example, a recent study shows that cognitive functioning as assessed with the Montreal Cognitive Assessment is able to distinguish COPD patients with poor adherence to inhaler therapy from those with frequent errors in inhaler use technique. 43 Therefore, a comprehensive assessment of cognitive functioning and accurately distinguishing cognitive impairment among multiple cognitive domains might become more important, as more specific therapy interventions can be developed by taking into account the possible consequences of domain-specific cognitive impairment. Moreover, in patients with brain injuries, Alzheimer disease, and multiple sclerosis, cognitive training strategies, which aim to improve cognitive functioning and consequently reduce functional and psychological problems, have already been applied. 44, 45 To our knowledge, no study has been conducted to explore the effect of cognitive training strategies on cognitive performance in patients with COPD.
Even though we demonstrated that cognitive impairment is more common in patients with COPD compared to controls, subjectively reported memory complaints on the CFQ were within the normal range of 21-43 in both groups. 46 It is possible that impairments in cognition may gradually grow into deficits so that they are not easily recognized by the patient. Moreover, the burden of COPD may outflank the seriousness of self-experienced cognitive impairments and hence the recognition of daily cognitive difficulties.
Future research
The high prevalence of general and domain-specific cognitive impairment in our study population raises questions about its consequences. Longitudinal follow-up studies are needed to assess whether cognitive impairment in specific domains affects the educational components, behavior change interventions, and other outcomes of PR. Moreover, it might be worthwhile to assess whether cognitive training strategies are able to slow down or prevent cognitive decline, or whether it has a beneficial effect on a PR trajectory and its sustained effects.
Methodological considerations
By using an extensive neuropsychological assessment, we were able to estimate the prevalence of general and domainspecific cognitive impairment in patients with COPD and matched controls. The major determinants of cognitive impairment include a history of cigarette smoking, increasing age, and educational level. [7] [8] [9] Therefore, the inclusion of a matched comparison group, a major strength of this study, might rule out the effect of smoking, age, and education on cognitive functioning. Although we did not match for gender and IQ, there were no significant differences in gender between both groups, and Z-scores were adjusted for educational level, age, and gender. Despite these strengths, this study has some limitations. Patients and controls were not matched for comorbidities, and data on arterial blood gases, alcohol intake, and hypertension in controls were not available. However, a post hoc analysis was performed in order to compare cognitive functioning between patients and controls without comorbidities. The sample size of the post hoc analysis was small, and therefore this analysis might be underpowered. However, extrapulmonary comorbidities are common and significant in COPD, and therefore our study sample is representative of the COPD population. Yet, we included patients from a tertiary referral center, which may limit the generalizability of the results because, in general, patients with more advanced COPD are being referred. Nevertheless, these data are of significant importance for COPD patients who follow a PR program. Because of multiple comparisons and to decrease the number of false negatives, a P-value #0.01 was used instead of the commonly used P-value of #0.05. Also, selection bias may reduce the generalizability of our results. Patients and controls with subjective complaints of cognitive functioning might avoid participation due to anxiety or worry, or may have been more willing to participate in the present study due to personal interest.
Conclusion
The results of this study underline that general cognitive impairment and cognitive impairment in specific domains, namely psychomotor speed, planning, and cognitive flexibility, affect a higher proportion of patients with COPD 
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Cleutjens et al than their matched controls. Comorbid diseases in COPD are likely to affect cognitive performance in COPD. Yet, impairments in executive functions may be more related to COPD-specific factors. The identification of domain-specific cognitive impairment is necessary for further optimizing therapies (eg, smoking cessation, self-management programs, and PR) for patients with COPD. Longitudinal follow-up of our participants will enable us to examine the effects of cognitive impairment in specific domains on PR outcomes, such as functional status, health status, psychological wellbeing, and the patient's knowledge about COPD and their need for information.
